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MODELLING A SILICON SOLAR CELL 
AS AIV OPTICAL DETECTOR 
Leo A. Mallette 
ABSTRACT 
Solar cells have traditionally been used for direct 
sunlight to energy convers~on, and there has been rela- 
tively little investigation in to  t h e i r  use as a low 
data rate optical detector. This report summarizes the 
results of experimental work to model a silicon solar 
c e l l ,  and i t s  response t o  a pulse of light. A lumped 
circuit model, and governing equations for each of  the 
elements is developed. Experimental data on several 
cells are used to curve. fit the governing equations. The 
parameters of interest are t e s t e d  as a function of both 
temperatuye, and background illumination. Having derived 
a working model, using open c i r c u i t  measurements, the. 
behavior of the operational model can be predicted for 
several values of load resistance. The energy o f  the 
output pulse and the Fourier spectrum of the output o f  
the cell are heuristicly examined. 
ABSTRACT 
Solar c e l l s  have t radi t ional ly  been used for  d i rec t  sunlight 
t o  energy conversion, and there has been re la t ive ly  l i t t l e  investiga- 
t ion i n t o  t he i r  use as a l a w  data rate op t ica l  detector. This re- 
port  suomrarizes t h e  results of experiaental work t o  model a s i l i con  
so la r  cell, and its response t o  a pulse of l ight .  A lumped c i r cu i t  
model and governing equations f o r  each of the elements are developed. 
The response t o  a pulse of l igh t  is seen t o  be an exponential decay, 
characterized by txo parameters; K, the  mardwrm value, and r, t h e  
decay t i m e  constant. Experimental data on several  ce l l a  from Sensor 
Technology are used t o  curve f i t  the governing equations. Ihe two 
parameters of in te ree t  are tested as a function of both temperature 
and background illumination. Having derived a working model, using 
open c i r cu i t  (photowlteic) measurements, the  behavior of t he  opera- 
t ional  model can be predicted for several values of load resistance. 
The decay ti- constant is found t o  be nearly constant over the tem- 
perature range -30°c t o  110~~. AB background illumination is varied, 
both the  decay t i m e  constant, and the meximum value are seen t o  vary. 
The merdwma value, K is approximately constant for  small load resis- 
tances, and the  decay time constant, r ,  is approximately constant f o r  
the larger  valuee . of load reeis tance . The energy of the pulse, and 
t he  Fourier output of t he  c e l l  are heur is t ica l ly  examined. 
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LXST OF SYMBOLS 
Diode cross section 
Bandwidth 
Mf f usion capacitance 
Junction capacitance 
Parallel combination of C and C 1 d 
See 
P 
Cutoff frequency defined by r 
Frequency 
Mode current 
Reverse saturation current 
Ught generated current, internal to solar ce l l  
Arbitraw constant, with or without subscript 
Canstant coefficient associated with C 
d 
kj Conatant coefficient associated with C J 
2 Iip /Dp, T* Lifetime of minority holee in n-region 
n Charge carrier density 
p' ( 0 )  Injected concentration of holes into n-region 
Q Hnority carrier charge 
'I -19 Electronic charge (1.602 x 10 C) 
R~ External load resistance 
viii 
Mode series resistance 
Diode shunt resist arrce 
'3, P a r a l l e l  combination of r, k, and (RS + I$,) 
Mode dynamic resistance 
Teaperature in  degrees Kelvin unless otherwise stated 
v~ Mode Voltage 
V~ Steady state value of cell  output voltage 
v~ Noise dewity in volts  per Hertz 
v 
T 
Tota l  voltage measured across load resistor 
v 
D l5mdmum AC value of VD across diode (above DC Value) due to impulse 
v L Transient value of cell output voltage 
v N Noise voltage used in the section an Noise Generation 
W Energy in output irmpulae 
C 
Ohms, or solid angle of v i e w  
Wavelength 
Decay time canstant = BC 
CI 
See kL/D 
P 
The photoelectric effect was f i r s t  observed i n  1839 by 
Becquerel. Over one hundred years later the e f fec t  was observed by 
Oh1 i n  a s i l i con  p a  junction. (US patent,  f i l e d  27 May 1941) . 
Modern manufacturing techniques have made the  s i l i con  so la r  c e l l  
available at a reasonable price. Availabili ty of the material, and 
price,  has pronpted t he i r  nee i n  areas other than d i rec t  sunlight 
t o  voltage conversion. Ihe f ea s ib i l i t y  of using so la r  cells as l ow 
data r a t e  opt ica l  detectors has been investigated by re la t ive ly  few 
researchers (Saltsman 1977, Witherell 19 70) . Characteris t i c s  of 
one variety of so la r  c e l l s  manufactured by Sensor Technology Inc. 
of Chatsworth, California, have been measured. This paper continues 
tha t  work by modeling the so l a r  cell with lumped components. me 
model is derived from experimental measurements and previous work 
with these cel ls .  Open c i rcu i t  measurements used temperature as 
w e l l  as badground illumination ae variables. !l%e noise voltage is 
also  measured and found t o  be white. The derived model is then used 
t o  predict  the output volfage ae a function of load resistance, 
temperature, background illumination, and diode voltage. The Fourier 
spectrum and the energy available i n  the pulse output is a lso  pre- 
dicted. 
Solar ' Cell Hodel 
!he solar cell  is essent ia l ly  a p-n diode with pa r t  of i ts 
surf ace exposed t o  the environment. This can be modeled as a current 
source and a diode i n  pa ra l l e l ,  as shown i n  Fig. 1-a. !The model is  
inadequate for a l l  but the simplest analyses. All diodes have an 
inherent series and shunt reeistance as shown i n  Fig. 1-b. This model 
assumes that the reaistancee are lumped and not  dis tr ibuted through- 
out the material. This assumption is accurate f o r  a l l  p rac t i ca l  
models. Fig. 1-b is known as the DC model of a so la r  ce l l .  Knowing 
the behavior of the diode as a functirn of voltage, or current, the  
output can be predicted using DC analysis techniques. 
When the s o l a r  cell i e  t o  be ueed as a detector, we cannot 
assume there w i l l  be anly M: cutrents . Ihe very f a c t  tha t  a voltage, 
or  current, ie chengiag conme information. Information t h a t  some- 
thing has chanwd, and perturbed the system. This information i a  
what we seek t o  detect and identify.  
To ident ify this information, we need t o  know how the solar 
cell ays tern responde to AC inputs. There is negligible inductance 
i n  a so la r  cell, but there are two very dominant capacitance terms, 
(a) the junction capacitance and (b) the  diffusion capacitance, 
F i g .  1-c. 
Fig. 1. Steps in  derivatfon cif circuit model of a solar cell  
Jtmction Capacitance 
For a specif ied bias voltage, there  exists an equilibrium 
p a  junction depletion region, in which the sole charges are bound 
i on ized  donors or acceptors. Mobile holes and electrons tend t o  be 
swept out by the high e l e c t r i c  f i e l d  ex is t ing  i n  the space charge 
region. Ihe wtdth of the  depletion region increases (decreases) fo r  
an increased reverse (forward) bias. This bias increasee (decreases) 
the nrnnber of bound donors or acceptors t h a t  a re  not neutral ized by 
mobile e lectrons and holes, and thus increases (decreases) the fixed 
charge an e i t h e r  side of the junction. The incremental charge 
increase, dqsc, of ionized donors o r  acceptors, taken per  incremental 
I 
voltage change, dv, can be defined (Navon 1975) as t he  junction ca- 
dqs c Cj = - farads 
dv 
lhis capacitance is no t  coaetrmt, and consequently cannot be defined 
as the ratio q/v. This capacitance term has been modeled and curve- 
f i t t e d  for these diodes t o  the equation: 
C a k / ( .46-v~)  3 3 farah 
as referenced i n  appendix B. 
Diffusion Capacitance 
* In  a semiconductor material, light of a specific frequency 
Vhoton of energy equal t o  hv, and grea ter  than the ionizat ion energy. 
w i l l  excite an electron (up) i n t o  the  conduction band f o r  n-type ma- 
terials, or  the photon w i l l  exc i te  a hole (down) i n t o  the valance 
band f o r  p-type material. A p-n sendcanductor junction diode has a 
conduction-valance band diagram as shown in F i g .  2 .  
Transit ion region 
- 
p-region I ' 1 n-region Q 
- 
- Conduction 
Band 
Valance 
B a d  
Fig. 2. Conduction-Valence band diagram of a p-n junction diode. 
. 
I n  the diode, the electron-hole pa i r s  (EHP) a re  generated i n  three  
regions : 
1. p-region: free electrons w i l l  diffuae t o  t h e  junction 
area  and d r i f t  t o  the n-region 
2. n-region: . free holes w i l l  diffuse t o  the junction and 
d r i f t  t o  the p-region 
3. Trami t ion  region (junction) : holes and electrons w i l l  
d r i f t  t o  t h e  p- and  regions respectively 
In  each case, i t  is the minority c a r r i e r  which is moving, 
and generating a (photo induced) current i n  negative direction.  
The movement causes a current IA which is the basis for the 
photoelectr ic  e f fec t .  Thie current is divided between t h e  diode 
and the  output loop; I$ and t he  load resis tance RL. 
The added minority c a r r i e r s  cause a s igni f icant  change i n  
t h e i r  concentration in the bulk region. The average useful  l i fe t ime 
of the minority carriers is T 
P *  
P r i o r  t o  their reaching the t r a n s i t i o n  region, and d r i f t i n g  
t o  the opposite s ide ,  the diffusion of minority ca r r i e r s  result i n  a 
charge dis t r ibut ion  being built up. 
This cons ti tutee a diffusion capacitance which is proportional 
t o  the amount of Ugbt striking the  semiconductor surface. This ca- 
pacitance ie the factor that we wish t o  determine t o  fully complete 
t h e  AC model of the  s i l i c o n  s o l a r  c e l l .  
The di f fus ion  capacitance Cd is clase ica l ly  modeled t o  be 
proportional t o  the diode current ID. As shown i n  appendix A, t h i s  
is only the approdmation wed by most authors, and a b e t t e r  so lu t ion  
is : 
qv&~kT 
C d i k e  d farads 
where : 
- 
Prom Fig, 1-c we see t h e  last mknawn is the diode behavior 
with d i f fe rent  currents  flowing. Since t h e  diode I-V charac ter i s t ics  
vary ewanent ia l ly ,  the resis tance of the diode is not expected t o  be 
l inear .  Many authors have derived the dynamic resis tance of a diode, 
and have shawn it t o  be: 
Saltsman (1977) has measured the  awe variables ,  and t he  dynamic 
resistance r, is modeled t o  t h e  equation: 
-16. 7VD 
r = 37000' ohms 
Fig.- 3 shars the final lumped c i r c u i t  model which w i l l  be used as 
the  primary model for the remainder of the  work i n  t h i s  report.  When 
measuring i n  t h e  open c i r c u i t  mde,  t h e  c i r c u i t  s impl i f ies  fur ther .  
The series resis tance,  RS can be neglected s ince  there  w i l l  be no 
voltage dmp acrosk it  as pointed out in appendix B. 
Fig. 3. AC c i r c u i t  model of a s i l i c o n  s o l a r  c e l l  
Given the AC circuit model of t he  preceding section; mea- 
surement of the  t i m e  c&stsmt was accomplished as explained i n  ep- 
pendix B. Ihe final AC c i r c u i t  model ae measured, derived, o r  
assumed from previous work fs shown i n  Fig. 3, where: 
IX i s  light-cantrrulled current source (amps) 
C =  5xl0-~ farads 
(.46-~~)*~ 
cd = (2x10~') (el6* 7 V ~ )  farads 
Noise 'Generation 
Optical detectors, as w e l l  as a l l  other electrical  circuits, 
are plagued with an interference mechanism which is given the rather 
indefinite nanm of noise. 
Noise is "Interfering end unwanted currents of voltages in  . 
im electrical device or sys tern1' (McGraw-Hi l l  1974). Dw t o  internal 
resistance, physical eise, cqoeure t o  the envirmmnt, end the quan- 
tm mechanism of operation, solar cells are subject t o  nearly every 
known noise identified to  date! The f ive noises of interest are ars 
1. Johneon noise, also called Npquiat, or thermal noise 
2. Temperature noise 
where AP - mean square teqerature fluctuations 
5 = Thermal conductance 
cn 
= Heat capacity 
3. Modulation noise, a lso  known as excess, or l / f  noise 
where d = c e l l  thi.cknesa and n varies from .8 t o  2 
4. Generation-Recombination (G-R) noise 
where n = charge carrier density 
This noise arises from the s t a t i s t i c a l  variations i n  the  ra te  
of eneration (recombination) of pa r t i c les  i n  t he  solar cel l .  The 
variat ion can be caused by charge carrier-phonon interact ions o r  by 
the random arrival of photone from the background illumination. For 
the case where the later i~ dominant, the noiee is also called photon, 
radiation, o r  background noise. 
5 .  Shot noise 
Shot noiee is due t o  t he  discrete  nature of the current. The 
total current is comprised of current pulses produced by the indivi- 
dual electron-hole p a i r s  being generated. 
f dentiffcation of the individual noises would be d i f f i c u l t  , 
i f  not impossible. As described in  appendix C, the noise was ma- 
sured t o  be constant (white) over the range of the wave analyzer 
(20 HZ. t o  50 Khz.) . Zhe output noiee density was found t o  be: 
= 2 loo7 V O I ~ I ~ ~ ~ ~ Z  N (13) 
The major noiee problem when measuring T was G-R noise. This was 
caused because the source of background illumination was being modu- 
l a ted  with a 150pY, 60 Hertz s ignal ,  end several of i ts harmonics. 
Them1 ' Characteristics 
To predict  the t h e d  character is t ics  of the  so l a r  c e l l  
operating in  the  short  c i r cu i t  mode, tests were conducted of t he  
s o l a r  cell in t he  open c i r cu i t  mode. Measurements were taken as 
outlined in  appendix D. The c i r cu i t  of Fig. 3 is st i l l  used f o r  the 
model. For the thermal charac ter is t ic  measurements, a constant cur- 
rent ,  rmd therefore a constant voltage, a re  assumed. As before, the 
seriee resistance R is neglected due t o  the  nearly i n f i n i t e  load S 
resistance. Ihe shunt resisteace is conetant (Hllman 1972). The 
dynamic resistance ha@ b%en dmm t o  be: 
For these t e s ta ,  I. c a ~ o t  be considered t o  be constant, and as 
Millman (1972) shows: 
I, = KT 1.5 e-(~Goq/nkT) 
where K = cmstant  
vGo = 1.21 vo l t s  
and qVGO i s  the  forbidden band gap energy. The origin of t h i s  VW 
t e r m  is ra ther  nebulous. Sze (1969) pofnts out tha t  the energy band 
* 
gap of Si l icon is not constant, but  varies with temperature , as 
sham i n  Fig. 4. 
* P a n k ~ v e  (1971) c u m  f i t s  t he  t vperature dependence of Si t o  the 
equatton E~(T) = E~(o) -(7.021 9 )/(T+ 1108) volts. Where E (o) is 
the  voltage a t  the zero degree Kelvin intercept  (=1.1557 eV) .g 
Band Gap 
Eg (ev) 
1.20 
0 100 200 * 300 350 
Temperature (OK) 
Fig. 4. Energy bend gap of silicon as a function of temperature 
At room teaparature, the teqerature dependence is linear, and if 
this  atraigfit l ine sppr03Ekmation is extended to the 0% axis, Eg(o) 
is 1.21 volts (the V', of above). 
Conobining equatiollc, 14 end 15 yields: 
The numerical value of Kl is chosen to be 1 A74 x 10'~. This value 
of K1 equates equatiim 17, evaluated at room temperature (300'~) to 
the equation for dpnaaPic resistance found i n  equation 6.  
to: 
where: w a (vBl - vD) *5 
* Sze (1969) shows that:  
ol~ms 
VD " 0 
- 
Tm 5 (=.d [k(Ie21-vd] 
A t  room temperature, Saltsman (1977) c u m  f i t t e d  the  junction capa- 
H l h  (1972) shows tha t  the  junction capacitance i s  proportional 
' =37oooexp (-16. 7vD) 
T=~OO'K 
VD " 0 
ci tance for  these diodes at room temperature, t o :  
C - 5 x 10-~/(.46 - ~ 2 ' ~  farads j (22) 
Combining equations 19, 21, and 22 we f i n d  the  temperature dependence 
of the  junction capacitance t o  be: 
5 10-9 
C = farads 
(1.533~10-~T=Vg) 
Appendix A derived the diffusion capacitance t o  be: 
farads 
where T is the  minority hole Hfeti8le. Combining t h i s ,  equation 17 P 
and the I, temperature dependence, we find: 
Cd T /r farads 
P 
*See also Fig. 11, f o r  a p i c t o r i a l  representation of qVBl 
As above, the open ,circui t  decay time constant is: 
T = (r//RSH) (C,+Cd) second8 
Conibining the appropriate equations : 
5 lom9 
+ seconds (27) 
(1.533 x ~ o - ~ T - v ~ ) * ~  + a w  s_ (1&21-vD) 
T' qkT 
., . , 
Ihe value of the  minority hole l i fet ime t is on t h e  order of one P 
vs * (&a- 1975) . me, i n d i d d u a l  value of .r i s  chosen t o  give  a 
P 
good f i t  t o  the erperiamntd results. For T = 1 ps, Pig. 5 p l o t s  
P 
r vs temperature for vorioue values of shunt resistance, 5. !&pi- 
cal values found f o r  the diffusion capacitance were found t o  be: 
which correlates  very w e l l  with the  values found i n  t h e  section on 
open circuit measureaream, 
The work to  t h i s  point  indicates the so l a r  cell model of 
Fig.. 3 i s  an accurate mathematical representation of the  physical 
mechanism found i n  the  so l a r  cell. Using this "goodf1 model, t h e  
following sections attempt t o  predict  the  operation of the  so la r  
Waylor (1963) claimed experimental results f o r  r were on the  order 
of one mi2lisecond. P 
cell for various values of load resistance . % 
-30 -10 10 30 50 70 90 110 1 
I 
Temperature (OC) 
I 
Fig. 5. Variation of open circuit decay time constant with 
temperature for several values of shunt resistance (calculated) . 
Operational Model 
Ihe term operational model is used i n  l i e u  of short-circuit 
model becauae the load resistance is not allowed t o  be zero. RL 
Having shown the  open c i r cu i t  so la r  c e l l  model of F i g .  3 to  be 
accurate, we can proceed t o  predict  the character is t ics  of the  sili- 
con so l a r  cell when operated i n to  a res i s t ive  load. The equivalent 
c i rcu i t  model f o r  the so l a r  c e l l  is e h m  i n  Fig. 6. For very large 
values of R the podel reduces t o  the open circuit model of Fig. 3. 
L' 
For lawer values of \6t, the output meietence loop w i l l  begin t o  
a f fec t  the total resistance, end the amount of current tha t  is 
flowing through t he  dfode. This current difference w i l l  change the 
dyn-c resistance of the diode and the value of the  diffusion capa- 
citance. As above, the current can be defined i n  terms of the vol- 
tage across t he  diode, Vp. The total capacitance C+, i e  the same as 
equation B-6. The t o t o l  reeistance i a  nuw the  pa r a l l e l  combination 
F i g .  6 .  Equivalent model f o r  the operational model of the  
silicon s o l a r  c e l l .  
Variation With Mode Voltage 
Ihe operational time constant r is  the product of t h e  above 
resistance, % and the sum of the two capacitances. 
Fig. 7 shows t he  var ia t ion  of T with diode voltage V As shown by D* 
Saltsman (1977), the diode voltage is proportional t o  t h e  incident 
power. The constant of proportionality was s t a t e d  t o  be % the 
voltage s p e c t r a l  respoasitivity. was measured, and re su l t s  of 
* 
tests on a typ ica l  cell are ahom i n  F i g .  8. m e  value of %A was  
found t o  be 83 volts/watt. As Fig. 7 shows, the  var ia t ion of r is 
nearly constant for a l l  values of VD9 and is therefore  nearly con- 
s t a n t  for a l l  i n t e n s i t i e s  of background illumination. The lower 
values of R give the grea tes t  variation i n  T, which may lead t o  
L 
signal processing problems i n  later stages  of the  system. Fig. 9 
q o t e ,  t h i s  value for is f o r  the  operational model with % spe- 
c i f i e d  t o  be 317 ohms. 
shows the variation of r as a function of incident light. %is data 
was derived from the above information. 
DC Mode voltage, VD (volts)  
Fig. 7. Variation of r with diode voltage for several 
values of load resistance, R 
L' 
50 100 150 200 250 
Incident pwer  (microwatts) 
Load resistance (ohms) 
Fig. 9 .  Variation of operational circuit time constant 
with load resistance, for several values of incident power (calcu- 
lated) . 
Combining the  above equations i n t o  equation 31 yields:  
For RSH = 30,000 ohms, r is p lo t t ed  i n  F i g .  10 as a function of tem- 
perature T (OC) and load resis tance %. It is seen from Fig. 10 
that the time canstant r i e  apprbxbately constant wer the e n t i r e  
range of in t e ree t .  Ihe fol1aw&324i~ aectian wtll assume t h e  system is 
operating over a ran* of temperaturea where r does not vary appte- 
ciab l y  . 
Power Available .in Pulse 
The data accumulated t o  this point  has provided an excel lent  
model for the s i l i c o n  s o l a r  ce l l .  The previous sect ion has shown .. 
the dependence. of r on diode voltage V and on temperature. The D' 
s o l a r  c e l l  is assumed t o  be aperated over a narrow temperature range 
and therefore r w i l l  no t  vary s ign i f i can t ly  with temperature. Ap- 
pendix B indicated that the response t o  an impulse of light would be 
exponential as follows: 
Fig. 0 .  Variation of decay time constant with temperature 
f o r  several values o f  load resistance (Calculated) 
a . -. . - . . .  . . 
Fig. 11 i l l w t r a t e s  .the concept. The two variables which uniquely 
def ine  equation 36 are K and r. The relationship between T and V D 
was defined in the previous section. The numerical value of K can 
be shown to  be proportional t o  V by the following equation. D 
The equation ia seen t o  be the diode voltage f e d  t o  a vol tage  divider 
, 
network comprised of % and %. 
A graph of K versus V would yield a few straight l ines D 
emanating from the origin, and would provide little ueeful infotma- 
tian. A more useful graph is  shown in F i g .  12. This curve p l o t s  k, 
r,' and R . Each point, on the individual  load resistor lines, is a 
L 
calculation for a s p e c i f i c  V The V = 0 volt point  is the highest 
D' D 
(or leftmast) point, and increasing values of VD are t o  the right 
* 
md/or down. 
Incident Power 
I o Time (s) a, 
I O Time ( 8 )  b, 
Fig .  11. Model of incident light p u l s e ,  and exponential response. 
-e "andlor" is due t o  the 500 ohm and 1000 ohm cumes which tend to 
oscillate at high values of V 
D' 
K Volts 
T, (Seconds) 
F i g .  12.  P lot  of  K and r, for  several  values of R . In- 
dividual points are diode voltage V , from zero to  .44 vo l t s .  
The VD = 0 v o l t s  is  the f a r  l e f t  por)nt. 
Fig. 12 shove t h a t  for a specified load resistance, both K 
and r vary as a function of V Near the two extremities (10 and 
D' 
1000 ohms) , e i the r  K is approximately constant , o r  r is  approxi- 
mately constant. 
The exponential curve of Fig. 11-b is the  AC voltage across 
t h e  load resistor \. Ihe power at  any time t, can be calculated 
using the equation: 
power = v2/g (38) 
Combining equations 37 and 38, we obtain the power as a function of 
time: 
2 
Puwer = K exp (-2t/r), t. > O 
R~ 
Equation 39 defines the  power obtainable from the  pulse a t  
any t i m e  t. Knowing the power is useful, but not i n  i t s e l f .  A more 
useful re la t ion  would be the  t o t a l  energy i n  the  pulse. The energy 
is obtained by integrating the  power from minus i n f i n i t y  t o  p l u s  
inf in i ty .  In practice,  there is  a specified t i m e  frame i n  which the 
integration talces place .  The luwer l imi t  of integration is taken to  
be t he  beginning of the pulse (PO), and the upper limit is taken t o  
be much greater than five t i m e  constants (or  t = in f in i ty ) .  &- 
plying the above t o  equation 39, we  obtain the  energy output of the 
i' 
s o l a r  ce l l :  
It has been shown tha t  both the time constant, and the  coefficient 
K, are functions of diode voltage V The value of diode voltage D' 
hae been shown t o  be proportional t o  the  incident power, via the  can- 
s t an t  F i g .  13 portrays a visual  display of the  energy i n - t h e  
pulse fo r  various values of load resistance. As can be seen, the 
energy is very lar and varies  of over several magnitudes from the 
no light condition (vD = 0) t o  the  b u i l t  i n  junction potential ,  VBI 
(VD = .46 volt). 
Fourier Analysis of Output 
The output voltage, taken across t h e  so l a r  c e l l  can be 
broken dawn i n t o  three parts: 
1. VL, the DC voltage dua to the backgrowid i l l d n s t i a n  
2. VL, the t rans ient  voltage, due t o  an inpulse, and 
3. V , the- inevi table  noise density which is present . in  a l l  EJ 
e l e c t r i c a l  devices. has been defined t o  be a noise density i n  
unite of volts per b~rts. Therefore, t o  get a voltage VN must be 
. . 
multiplied by the effective bandwidth of t he  system. A s  defined by 
Saltsman (1977), the 3 db bandwidth ie the  curoff frequency fc: . 
1 
B = f c m 2 n r  (41) 
The total voltage VT, across the load ree i s to r  can be defined t o  be: 
VT a VL + vL + BVN (42) 
Ihe  t o t a l  output voltage can be analyzed via Fourier transf o m  tech- 
niques. Ueing 'the l i nea r i t y  theorem and assuming there is only on'e 
pulse incident an the so l a r  ce l l ,  we find the Fourier transforms of 
w (10-17 watt) 
C 
DC Mode voltage (volts) 
Fig. 13. Variation of energy output with diode voltage 
for several values of load resistance . 
the  individual voltages i n  question are: 
F(BVN) = Constant 
The amplitude of the Fourier transform of v can be shown t o  be : 
L 
Summing equations 43, 44 and 46 will produce a frequency domain pic- 
ture  of so l a r  c e l l  output voltage. 
The sketch of t h i s  frequency domain representation is given 
in Fig. 14. For c la r i ty ,  only one s ide  of the  two sided frequency 
apectrwn is shown. Ihe impulse at zero her tz  corresponds t o  the  VL 
term, and the  broken line corresponds t o  t h e  noise superimposed on 
the  signal. As can be seen e i t he r  visual ly,  o r  by examhing the  
equations; the  major par t  of the  s ignal  is  i n  the  frequency range: 
The ~ l a j  or i t y  of. the noiee ie also found i n  t h i s  range. The noise is 
ehavn i n  the broken l i n e  manner t o  prevent the  reader from thinking 
t ha t  the s ignal  ie more eas i ly  detected with more noise. Rather, 
the noise amplitude may (or may not) s tay constant, but the phase 
may vary from -r t o  ++. A t  any par t icular  frequency, the noise w i l l  
randomly add o r  eubtract various amplitudes from the  signal. This 
tends t o  destroy the information carried i n  the s ignal  and most types 
of signal processing can do nothing to  correct t h i s  s i tuat ion.  At -  
tempting t o  f i l t e r  the  noiee, i n  the  frequency domain, leads t o  
Fig. 14. (ke sided Fourler spectrun 05 t o t a l  voltage across I load r e s i s t o r  (calculated). 
three possible problems : 
1. !the s i g n a l  is a l s o  being f i l t e r e d  
2. The 3 db bandwidth of the system is equal t o  fc, which 
is  a function of r, which is a function of V which is a function 
D' 
of the incident paver. Therefore the bandwidth var ies  as a func- 
tion of background- l igh t .  
3. "Bandlimiting and t i m e l i d t i n g  are mutually incompatable" 
(carbon 1975). The lat ter  may not be a problem, because t h i s  is a 
law data rate- system. One pulse may be a l l  t h a t  needs t o  be de- 
tected.  Work sin t h i s  area could be carr ied on f o r  many pages, but 
due t o  the nature  of t h i s  report ,  w i l l  not  be pursued here. 
A th i rd  type of l imi t ing  is aperture limiting, in which the 
effective viewing angle i s  reduced. This should, theoret ical ly,  
also reduce noise pickup from directions which are  not of in te res t .  
As appendix B shows, the  so la r  c e l l  has a 130 degree beamwidth. 
This corresponds t o  a so l i d  vlewing angle of 2.58 steradians. Of 
the t o t a l  4rr eteradians of viewing angle available*, the so la r  c e l l  
is "looking". at over 20 percent of .it! This en t i r e  aperture msry be 
needed, since- t he  direct ion of the  pulse may not be known. b 
Summary 
Based on experimental data, taken on a set of s i l icon so la r  
cells, an experbent a1 model w a s  developed, using non-dis tributed 
parameters. Tppical values for the circuit elements were chosen, , 
and used t o  predic t  the operotion of the solar cell for various 
values of load -msietance. The value of the load resistance was 
varied from 10 'ohm t o  1 kilohm. Given an incident pulse of l i ght ,  
the output w ~ ~ s h o w n  t o be an exponential decay. The three factors  
of in te res t  i n  the pulse are its m,ax&m value, decay t i m e ,  and the 
energy in the pulse, which can be found from the f i r s t  two. The 
decay time constant was s h m  t o  be approximately constant f o r  nor- 
mal  variations i n  environmental temperature. The d m u m  value, 
and decay t i m e  canstant  vary widely with background i l l d n a t i o n .  
The high values of load resistance tend t o  favor a constant decay 
time, whereas the  lower values favor a constant mafdmm voltage. 
2 
-e surface area of a sphere is 4nR . So, t o  "see" the entire 
sphere, the solid viewing angle is 47r steradians. 
For low l igh t  levels, t he  larger resistance values gave a higher 
energy output than smaller resistances. As the  background l igh t  
level is increased, and the  diode voltage approa&es the  bu i l t  i n  
junction potent ial ,  the  energy output curves reach a maximum and de- 
crease rapidly. The decay t i m e  constant a lso  defines the 3 db band- 
width of the system. The dependence of the t i m e  constant on illd- 
nation inp  l i e d  the dependence of the s ignal  processing bandwidth on 
JVJD 
background illumination. Detector noise was shawn t o  be white, e p  
treraely emall. ate major source of noise would be introduced ex- 
ternally.  Low frequency man made noise, as w e l l  as elactro-magnetic 
interference are possible topics of future study. 
APPENDIX A 
DERIVATZOiN OF DfFFUSION CAPACITANCE 
As indicated i n  the text of t h i s  report, the so l a r  c e l l  is 
not  biased externally. The only form of energy is the l i gh t  gener- 
ated current I In  general, the  diode i n  the  so la r  c e l l  model is 
. A m  
forward biased by the l igh t  dependent current source. This fonvard 
bias  introduces "an injected charge redistribution i n  the n-region 
which can be described by a capacitance known as a diffusion capa- 
citance". ( N a w n  1975). The reason t ha t  we consider only the n- 
region is tha t  the p-region is heavily doped compared t o  the n- 
region. lhis implies that the diode current is comprised almost en- 
t i r e l y  of holes moving from the n-eide t o  the  p-side. 
Diffusion capacitance is  defined as the "rate  of change of 
stored minority carrier charge with the  voltage across a semicon- 
ductor" (Lapedes 19 74) 
where Q is defined as Q = lCqL p ( 0 )  
P 
(A-2) 
A is the diode cross section, q is the electronic charge, 
L is one hole diffusion length of the space-charge region, and 
P 
p' (0) is the injected concentration of holes in to  the  n-region of 
the  semiconductor mterial. 
Hence 
Combining equations A-3 and A-4 
2 
where L /D is equal t o  the  l i f e t ime  of minority holes i n  t h e  n- 
P P  
region (rp) ,  and I is the fami l ia r  diode equation: D 
The derivat ive . w i t h  respect  t o  diode voltage y ie lds  
which is t h e  reciprocai  of the dynamic resis tance of the  diode. 
Combining equations A-5 and A-7 we obtain t h e  diffusion capacitance. 
Most authors aesume t h e  diode w i l l  be operated i n  a forward 
..- 
biased mode, where t h e  diode voltage is a t  l e a s t  a f e w  tenths of a 
volt. In t h i s  case, subt rac t ing  off a small e r r o r  term, 
r qIo/nkT 
P 
(A-9) 
would y i e l d  a convenient equation f o r  t h e  diffusion capacitance 
which is proportional t o  the diode current,  . For the  range in- ID 
dicated (VD > . 3  vol t s )  this assumption causes an e r r o r  of .66 per- 
cent. For greater valuea of V the e r r o r  is much less. When using 
D' 
the s i l i c o n  s o l a r  cell as an op t i ca l  detector,  the diode voltage VD 
is never greater  than the built-in potential of approximately one- 
half volt ,  and for most instances w i l l  be significantly l e ss .  
Hence, the approximation is not valid and the diffusion capacitance 
must be modeled by equation A-8. 
For purposes of modeling the solar ce l l ,  the diffusion capa- 
citance can be w r i t t e n  as 
where 
Appendix B w i l l  denionstrate how kd is determined. 
APPENDIX B 
nI!E CONSTANT MEASUREXENTS 
The general model of the  s o l a r  c e l l  has been developed over 
nsrmy years, and various tests have yielded data  on s p e c i f i c  compo- 
nents of the model. 
Unt i l  recently there  has not  been a need t o  determine t h e  
value of the diffusion capacitance. As pointed out i n  the t ex t ,  
s o l a r  cells have not been modeled as o p t i c a l  detectore. The equip- 
~ e n t  sham in Fig. l5 was aeeembled t o  measure t h e  decay t i m e ,  and 
therefore  the diffusion capacitance could be calculated. Figs. 30, 
31, and 32 in appendix P, are pic tures  of the  experimental config- 
uration. Zhe argon laser-variable beamsplit ter  combination pro- 
d d e d  an adjustable  source of "background" i l lumination f o r  the  
s o l a r  c e l l ,  and the incident l i g h t  generated a current IA, which 
remained constant with t i m e .  The model f o r  the s o l a r  c e l l  reduces 
t o  the  M: model of Fig. 16. The light current generates a voltage 
across the resis tances  r, RSH* and (RS + RL). For the  purposes of 
t h i s  test, t h e  solar cell was operated i n  the open c i r c u i t ,  o r  
photwol ta ic ,  mode. The load reeistance I(L is equal t o  the input 
impedance of the  oscilloscope. This value is typica l ly  one megohm. 
P u l s e  
Laser I 
? 
Screen Cage 
Fig. 15. Equipment lay-out to test variation of T with 
background illumination. 
* 
Argon Laser 
I 
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F i g .  16. DC made1 of solar c e l l  without external bias. 
me total  resistance % is 
where 
t - lo6 ohms 
RSH = 30,000 ohms 
-16. 7VD 
r = 37000 e 
The l / ( R S  + RL) term is seen to  be negligible due to  the high value 
of RL9 and % reduces to  
ohms 
Ihe maximum error introduced by assumtng this term to be negligible 
occurs at V = 0 volts.  This error is 1.6 percent, and reduces ex- D 
ponentially with increased diode voltage. The AC model of the solar 
cell is shawn in Fig. 17.  
Fig. 17. AC model of so l a r  cel l .  
The junction capacitance has been previously modeled and curve- 
fitted t o  the  following equation (Saltsman 1977). 
C = - farads 
j cvBx'vD)y 
where k is a constant = 5 x 10" FV. 3 
VBI built-in junction potent ia l  = .46 wlt (Saltsman 1977) 
y constant that is a function of junction doping = .5 
Ihe exponent of .5 indicates t ha t  the t rans i t ion  from the p- t o  the 
n-region is f a i r l y  abrupt, as opposed t o  a l inear ly  graded junction 
(1 . 33) . 
Ihe diffusion capacitance was shown i n  appendix A, t o  be of 
the form 
where kd is  a contant to  be determined. 
As seen i n  Fig. 18, the  two capacitances are i n  para l le l ,  
and the t o t a l  capacitance CT is equal t o  the algebraic sum of the 
two. 
Combining equations B-3, B-4, and B-5, 
farads 
The pulse laser shown i n  Fig. 15 and Fig. 31 generates a 
very weak pulse of inf rared  l i g h t  at 9043 angstrom. The pulse 
length ie on the order of one microsecond, and as w i l l  be shown, the  
decay time r is at  l e a s t  one order of magnitude greater.  Ihe pulse 
of f igh t  generates a pulse of current from the  IA current generator, 
and the s o l a r  cell model reduces t o  a simple c i r c u i t  analysis  prob- 
lem.  Circui t  theory tells ue t h a t  a c i r c u i t  composed of r e s i s t o r s  
and capacitors has an impulse response of the  form: 
v - %-tlr 
L 03-71 
where t is the  product of the t o t a l  res is tance,  and the t o t a l  capa- 
citance,  
r = l$CT seconds 
For the  case of the eolax cell model (Fig. 17): 
The decay ti- r versus temperature is p lo t ted  i n  Fig. 20 f o r  sev- 
eral values of aSH, holding kd constant a t  2 x Photographs 
of typical meaeurements are shown i n  Figs. 34 and 35, i n  appendix 
The decay t ime  constant r versus V is plotted in  F i g .  19 for RSH = 
D 
30,000 o h ,  and for various values of k Several ce l l s  were d' 
teeted and found to vary significantly from one c e l l  to another. 
TpBical valrtes -for the different cells are shown in  Fig. 18. 
A typical value for Cd is: 
- 
CELL kd (Farads) %H 
Fig. 18. Curve f i t ted  values for various ce l l s  under test. 
0 .1 .2 . 3  .4 .45 
DC Mode voltage (volts) 
Fig. 19. Variation of open circuit t ime constant with di- 
ode voltage for several values of k holding RSH = 30 KQ (calcu- 
l a ted) .  ds 
0 *1 2 3 .4 .45 
DC Mode voltage (volts) 
Fig. 20. Variation of open circuit  time canstant with d i -  
ode voltage for several vdlme of shunt resistance, holding kd con- 
a t a n t  at 2 x 10-10 (calculated), 
APPENDIX C 
NOISE MEASUREMENTS 
The experimental configuration shown i n  Fig. 21 was  used t o  
lPcaeure the noise output of the so l a r  c e l l  as a function of fre- 
quency. The argon laser was used t o  provide the  background illrmd- 
nation. Oscilloscope number one gave the  output DC voltage, and 
wae kept constant by adjusting the in tens i ty  of the  l a se r  l i gh t  
* 
with the beamsplitter. The Bewlett-Packard 302 A wave analyzer is  
essent ia l ly  a very narrow band receiver with a v isual  indication of 
the intensi ty of the input signal. the  3. dB bandwidth is nominally 
six hertz,  the output being measured i n  mil l ivol ts ,  and observed on 
oecilloscope n d e r  two. Ihe resul ts  fo r  several cells are shown 
i n  Fig. 22 and Fig. 23. For comparison purposes, t he  noise voltage 
of a United Detector Technologies p-i-n ,125 P photocell is  also in- 
cluded. 
The noise is seen t o  be white over the en t i r e  range of 
meaeurements. Nodulatian of the laser l igh t  intensi ty (e . g. , poor 
f i l t e r i ng )  generates t he  60 Hertz interference. me harmonics of 
the 60 Hertz are also  believed t o  be generated by the laser power 
supply. Ihe two major components of the noise a re  the  60 Hertz 
variat ion and i ts  s ix th  harmonic. This can be seen e i t he r  i n  the  
*The apecificatione f o r  the  HP 302 A are given in  Fig. 24. 
fraqoencp damin (Fig.  23), or in the time domain (Fig. 33 of appen- 
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Fig,. 22. Noise density variation with frequency (measured) . 
2 low7 
*See also Fig. 23. 
Solar Cells 
A - UDT p i n  125 DP 
- several s o l a r  cells 
F i g .  23. N o i s e  deneity variation at discrete frequencies 
of 60 kiertz and several hanswics (measured). 
Fnguency range: 
20 Hz to 50 kHz. 
Frequency accuracy: 
+(U + 5 m). 
- 
Fmqueney resolution: 
10 Bz per division. 
Amplitude ranges: 
30 uV t o  300 V i n  f u l l  scale in  15 ranges. 
Amplitude .a'ccuracy : 
+ 5% of full scale.  
- 
Iatemal level  calibrator: 
mlltude accuracy: + 2X. 
Amplitude: 1 V full scale.  
Fraquancy: 5 kHz + 1 icHz. 
- 
Dynamic range: 
IM end harmm5119c dCstortioa products: 3 75 dB below 0 dB reference 
level. 
Rectidual reeponaes : > 75 dB balm 0 dB reference level. 
Selectivity: 
0 .1  dB rejection: > 2 Hz bandwidth. 
3 dB rejection: 6.0  Hz bandwidth + 10%. 
60 dB rejection: 60 HB bandwidth 10%. 
80 dB rejecMon: c 140 Hz baad~sidG. 
Input impedance: 
Resistance: 
30 mV to  1 V bax ioput ranges: 100 kilohms. 
3 V t o  300 V lB&3C input rmge8: 1 Slt?g~hlIl. 
Capacitance: 
30 mV t o  1 V max input rangee: < 100 pF. 
3 V to  300 V max input ranges: < 30 pF. 
Fig. 24.  Specifications for Hewlett Packard 302A wave analyzer. 
SOURCE: Operation and Service Manual, Model 302A Wave 
Analyzer. (Loveland, Co. : Hewlett Packard, 1970) : 1-2, table 1-1. 
APPENDIX D 
TEDPERATURE MEASUREMENTS 
The need f o r  an a l t e rna te  method t o  meaeure the diffusion 
capacitance l ed  t o  measurements of r as a function of temperature, 
at a constant current. A conetazit current t h a t  could be easily 
controlled was found t o  be no current, e'g., no background l ight ing.  
Ihe experimental bench of Fig. 25 was s e t  up. 
Pulse 
Laser 
----a 
To I [1-0 Scope 
Solar 
Screen 
Cage 
Fig. 25. Equipmar conf fgurarioa for teaperature measurements. 
I . 
Ihe individual  solar cell. mrr l o u ~ ~ t e d  on an aluminum block r h m  
in Ff go 26 and in appendix F. Iba aluminum block was cooled t o  less 
than adnus 30 degrees C with CO As the  temperature of the block 2'  
increased t o  room temperature, IPecaeuremente of r were taken. Fol -  
lowing t h i s  test, the block w e s  heated t o  100 degrees C with a heat 
gun. Similarly, as the bloclc cooled, time constant measurements 
were taken. The graph i n  Fig. 27 shows measured curves f o r  some of 
the ca138. 
IT', 1 !:i J 1/4-20 tapped hole 
for  mounting on 
tripod 
I I 
I I 
I I 
L-J 
1~02 ;.I 
a. Side..VZew . b. Front View 
3 -.--: - .- , ' . 
Fig. 26. Alumiam bl~& wed to mount solar c e l l s .  
I 
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Hole 
- 6-32 screw and tab 
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c e l l  to  thermal 
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: wiched between it 
- and the block 
rature (OC) 
F i g .  27. Var&rtioa .of T with temperature for three cells 
(measured). 
As mentioned i n  the text of t h i s  report ,  one method of re- 
ducing noise is t o  l i m i t  the aperture viewing angle. This reduces 
the received noise but a l so  l imi t s  the  f i e l d  of v i e w  from which the 
infomation (in our case, a pulse) can be captured. AB w i l l  be 
shown, t he  half  pawer points are about 130' i n  both the  azimuth and 
elevation planes. 
Measurements were taken by mounting the  s o l a r  c e l l  on the 
block o f  Pig. 26, the blook wos amunted oa a tripod* iha block 
. 
was mounted so that at athe block was rotated,  the solar cell would 
not  be tranelated with respect t o  an intense beam of l igh t .  Ihe DC 
voltage was recorded, and p lo t ted  data is shown i n  Fig. 28 and Fig. 
29. 
Due t o  phyeicirl apmetry af the solar cell, the ha l f  power 
beamwidth can be assmud to be (qrprodmately) c i rcular ly  symmetric 
about the normal. With t2Lto ~ u m p t i o n ,  the so l id  vlewing angle 
(a)  of the detector cam be &finad (U.S . Department of the Navy 
1965) t o  be: 
n = m3in2(0/2) (E-1) 
Using the value of 8 equal t o  130 degrees, the detector so l id  angle 
is: 
0 2.58 s teradians 
Ihe use of knawing the solid angle is to predict the affective aper- 
ture at  some radius R. The relationship for the above is: 
Another use of the s o l i d  angle when dealing with a point source rag 
diator is: 
Intensity = ~ w e r / ~ o l i d  angle 
Fig.  28. V a r i a t i o n  of open circuit diode voltage due to  
rotation 'in the azimuth plane. Zero degrees is  normal to the solar 
cell. Nornralixed t o  unity. 
. , 
- ,  
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F i g .  29 .  dredt db& OQX~ 
t i l t i n g  the s.dior ca t b g ~  is noma 
solar cel l .  Normalized t o  cmaity. 
tag& d l s  t o  
PI t o  the 
Several  photographs were taken during the  course of this 
study. It is bel ieved t h a t  these pictures  w i l l  help visualize t h e  
problems, and solut ions,  which may not  be apparent i n  the text of 
t h i s  report. Ihe photographs carry a shor t  caption which is ex- 
panded i n  d e t a i l  belaw. 
Fig. 30. Xhe experimental configuration used t o  take ma- 
Buremants of the apen circuit decay time constant. Equipment, from 
left t o  right is; argon laser, adrrrox, variable beamsplitter, ecrean 
cage, pulse l a se r .  
F i g .  31. Front view of in f rared  pu l se  laser, b u i l t  by 
Electromagnetic ScAences , Inc., of Atlanta, Georgia. The output 
pulse  ie approdamsly criangulor, end of one lrrtcrcraecond duration, 
operating at a wovehm$;t;B of 9343 
The 50% mirror and beaasplitkar can idLao be seen. 
Fig. 32. View of the ecreen cage, and aluminum block. The 
screen cage was built of quarter inch mesh hardware cloth,  on a 
frame of one-by-twos. !&e allPdnum block is described i n  appendix 
Fig. 33. Oscilloecape trace of the output of a typica l  
solar cell with strong background i l lumination.  The 360 Hertz 
e ignal  end others are seen t o  be superimposed on the even stronger 
60 Hertz signal.  Ihe picture was taken at  f 1.8, 1/30 second, 
scape eync to l ine ,  dive vertical ,  5 ms/div horizontal, and 
input coupling to AC. 
Fig. 34. Output of the solar c e l l  due t o  a pulse of l ight ,  
without background illumination. Scope sync to  internal, 1 mv/div 
vertical, 50 microsec/div horizontal, and input coupling to  AC. 
Fig. 35. Exponential decay with background illumination, 
sidlar to  Fig. 34. The background illumination is seen to  decrease 
the decay time, and add a great deal of noise to  the system. For 
this case, the diode voltage was 100 mV, scope sync t o  internal, 
1 m~/div  vertical,  SO mi.crosec/div horizontal, and input coupling 
to AC, the same settings ee in Pig. 34. 
F i g .  31. Pulse laser. 
Fig. 32. Screen cage b d  block. 
P i g .  33. 60 B r t z  modulation of laser light.  
- - 
Fig.  34 .  Open circuit decay without background l i g h t .  
Fig .  35'. Opes circuit deiay wfth background l i g h t .  
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